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A novel matrix substance, 2-(4-hydroxyphenylazolbenzoic acid, or HABA, has been found to 
be very advantageous for matrix-assisted ultraviolet laser desorption ionization mass spec- 
trometry. This compound has been successfully used for the desorption of peptides, proteins, 
and glycoproteins up to approximately 250 kDa. For these materials, the most abundant 
analyte-related peaks correspond to [M + HI* ions and multiply protonated molecules. 
Comparisons with sinapic acid, 2,5-dihydroxybertzoic acid, and oc-cyano-4-hydroxyciamic 
acid indicate that the new matrix provides comparable sensitivity for peptides and smaller 
proteins but results in better sensitivity for larger proteins and glycoproteins in protein 
mixtures. Other matrices discriminate against the higher mass components in these cases. 
Somewhat reduced mass resolution has been found for smaller proteins, but for larger 
proteins and glycoproteins the best mass resolution can often be obtained with the new 
matrix. For other classes of compounds that form ions predominantly via cation attachment, 
at least as good sensitivity and even better resolution have been obtained. Derivatized 
glycolipids and synthetic polymers have been studied in detail. For the analysis of many 
synthetic polymers, the best performance in terms of sensitivity and mass resolution has 
been observed with HABA matrix. Mass resolution was higher for cation adducts than for 
the protonated peptide molecules in the same mass range. The new matrix exhibits greatly 
extended (in time) analyte ion production and reproducibility. Owing to the uniform sample 
surface with this matrix, barely any spatial variation of the ion signal could be observed. In 
addition, many hundreds of single-shot mass spectra could be accumulated from the same 
spot, even for larger proteins. {J Am Sot Mass Spectrom 1993, 4, 399-409) 
B 
iochemical mass spectrometry has been given 
new impetus by the introduction of two novel 
ionization methods: electrospray ionization (ES11 
and matrix-assisted laser desorption ionization 
(MALDI) [l, 21. Primary target analytes of these tech- 
niques are peptides and proteins. Molecular weights of 
the largest proteins successfully analyzed are near 200 
kDa for ES1 [3] and well above 200 kDa for MALDI [4]. 
In favorable cases it is possible to measure molecular 
weights of proteins with 0.01% accuracy using internal 
standards [5, 61. In addition to proteins and glycopro 
teins, other classes of compounds, such as oligosaccha- 
rides [7], oligonucleotides [8], and synthetic polymers 
[9, lO], can be analyzed. Low femtomole sensitivity can 
be attained with both of these methods, and MALDI is 
particularly advantageous for the analysis of complex 
mixtures such as enzymatic digests. 
During the 4-5-year period that MALDI has been 
used for the molecular weight determination of large 
biomolecules, dozens of matrix materials have been 
evaluated, and many of these experiments have been 
reported in the literature [ll-151. The matrix probably 
plays a multiple role in the ion formation process 
[15-181: It absorbs the laser radiation, and this step 
leads to the breakup of a microvolume of the solid 
phase. Reactive precursors are formed and released 
from the sample surface as protonated and deproto- 
nated matrix molecules, radical ions, and electronically 
and/or vibrationally excited neutral matrix molecules. 
Efficient matrices generate a high yield of ions from 
the analyte relative to the abundance of the matrix 
ions. To foster this highly complex process of ioniza- 
tion, we assume that a good matrix substance should 
have the following properties: 
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1. A reasonably high molar extinction coefficient at the 
wavelength used (E > lo* L cm-’ mol-’ for ultra- 
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violet (UV)-MALDI). A higher extinction coefficient 
at the given wavelength does not necessarily make 
a matrix work better. 
2. Miscibility with the analyte in the solid phase. The 
matrix should be soluble in the solvent of the ana- 
lyte. For application to proteins, the usual solvent is 
water or a mixture of water and an alcohol or 
acetonitrile. 
3. Good vacuum stability. 
4. Proper chemical composition. All of the matrices 
promoting protonation of the analyte contain OH 
and/or NH bonds. It is plausible that protons are 
effectively transferred from these groups during 
ionization. Many good “positive ion mode” matri- 
ces are also applicable in the negative ion mode. If 
the major ionization pathway corresponds to cation 
or anion attachment, the presence of OH or NH 
bonds is not necessary. Most matrix development 
studies have been restricted to the postitive ion 
mode; no generalization can yet be made for the 
negative ion mode because of the lack of sufficient 
experimental data. 
5. Other physical properties, such as the heat of subli- 
mation [ll] and the lattice structure [19], may affect 
the efficiency of a matrix. 
A number of additional features are desirable but do 
not necessarily influence the efficiency of the ionization 
process. For instance, matrix-analyte photoadduct for- 
mation can adversely affect mass assignment accuracy 
when the adduct peaks are not resolved from sample 
peaks. 
Fulfillment of criteria (l-5) can be assessed readily 
because physicochemical data on organic solids are 
available. Furthermore, comparison of the relative 
abundance of analyte ions with the relative concentra- 
tion of the analyte in the sample indicates that the 
ionization process is highly selective with efficient ma- 
trices. This selectivity requires that matrix-derived pre- 
cursors ionize the analyte preferentially, otherwise a 
high matrix background and abundant metastable ions 
can be expected. For all of these reasons, new matrices 
are still usually found by trial and error. 
The first successful MALDI mass spectra of proteins 
were recorded by Karas and Hillenkamp [20] using 
nicotinic acid matrix and by Tanaka et al. [21] using 
cobalt powder finely dispersed in glycerol. In the for- 
mer case, the laser source was a frequency-quadrupled 
Nd:YAG laser radiating at 266 run, whereas the Jap- 
anese group used an N, laser emitting at 337 run. A 
number of new matrices were introduced by Beavis 
and Chait 1111 in 1989, mainly aromatic carboxylic 
acids, such as 2-pyrazinecarboxylic acid and 4-hydroxy- 
3-methoxybenzoic acid (vanillic acid). Other com- 
pounds (thymine, thiourea) were also observed to give 
strong molecular weight-related signals from proteins. 
With the exception of thymine and thiourea, the pres- 
ence of photoadduct ions of high abundance adjacent 
to the [M + HI* peaks of proteins interfered with 
accurate mass measurements. Beavis and Chait [12] 
later introduced several derivatives of cinnamic acid, 
such as 3,4-dihydroxycinnamic acid (caffeic acid), 3- 
methoxy-4-hydroxycinnamic acid (ferulic acid), and 
3,5-dimethoxyQ-hydroxycinnamic acid (sinapic acid). 
These matrices gave improved sensitivity and some- 
what reduced abundance of adduct ions. Cinnamic 
acid derivatives were also of higher molecular weight; 
they therefore permitted more accurate molecular 
weight measurements of proteins below 30 kDa be- 
cause the photoadduct ions could be resolved from the 
[M + H]+ ion of the analyte. 
Cinnamic acid derivatives work at least as well at 
the third harmonic of the Nd:YAG laser (355 nm) as at 
266 nm [22]. This observation has opened the way to 
the use of the considerably cheaper and simpler N, 
laser emitting close to this wavelength (337 nm). The 
introduction of 2,5-dihydroxybenzoic acid (DHB) by 
Karas and co-workers [14] was a further important 
step in matrix development. This matrix, useful at 337 
and 355 nm, offers superb sensitivity for peptides and 
small proteins (the ultimate sensitivity being approxi- 
mately 1 fmol). With DHB as a matrix, very good 
results have also been obtained for carbohydrates 171 
and glycolipids [23], compound classes for which the 
cinnamic acid-type matrices were not so successful. In 
addition DHB is an excellent choice for profiling enzy- 
matic digests [24]. 
With the introduction of infrared (IR) lasers (the Er: 
YAG laser emitting at 2.94 pm and the CO, laser at 
10.6~m) by the Miinster group [25, 261, the range of 
possible matrix compounds was extended to the large 
class of materials containing the OH or NHo, groups, 
which absorb at approximately 3 pm. The most suc- 
cessful new matrices were aliphatic monocarboxylic 
and dicarboxylic acids, such as malonic acid, succinic 
acid, malic acid, and lactic acid, but promising results 
were also obtained with urea, glycerol, tris(hydroxy- 
methyl)aminomethane, and ice. The large number of 
possible matrices for IR-MALDI should lead to a better 
understanding of properties required for a good IR 
matrix and explain the reasons for failure in many 
cases. Some of these conclusions may also be relevant 
for UV-MALDI. 
Matrices that may be advantageous in particular 
applications have been identified by several groups. 
n-Cyano+hydroxycinnamic acid (aCHCA, 337 nm), 
introduced by Beavis and Chait [16], efficiently pro- 
motes multiple charging of the analyte and also 
exhibits low matrix background and absence of pho- 
toadducts. 4-Nitroaniline (337 run) was used by Rus- 
sell and co-workers [17]. rr-Phenyl-4hydroxycinnamic 
acid (337 nm) and 7-hydroxycoumarin (337 run) were 
investigated by Gilfrich and Brown [27] for their pho- 
toadduct-forming properties. We have used a number 
of new matrices for native and permethylated glyco- 
lipids, such as 1,5-diaminonaphthalene (337 nm), 6- 
aza-Zthiothymine (266 and 337 run; 2.94 pm>, 4-hy- 
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drazinobenzoic acid (337 nm), and 2-thiohydantoin (266 
nm; 2.94 pm) [ZS]. A comprehensive list of matrices is 
given in ref 15, and the characteristics of the mass 
spectra of the pure matrix compounds are also dis- 
cussed. In our laboratory, several other compounds 
have been found to be useful for peptides and prc- 
teins, for example, 6,7-dihydroxycoumarin (266 and 
337 nm), 3,6_dihydroxypyridazine (337 nm; 2.94 pm), 
6-methyluracil (266 nm; 2.94 pm), 6-azathymine (266 
nm; 2.94 pm), 5,8-dihydroxy-1,Cnaphthoquinone (532 
run), a-acetamidocinnamic acid (266 nm), and 2- 
amino-5-nitrobenzophenone (337 run); however, none 
of these compounds offered any general advantage 
over the most widely used matrices. From the large 
variety of matrices available today, three matrices seem 
to solve most practical problems: sinapic acid, DHB, 
and &HCA. 
Comett et al. [29] demonstrated that strong ab- 
sorbers like organic dyes dissolved in liquids trans- 
parent to the wavelength used can also be used as 
matrices. They dissolved rhodamine 6G in 3-nitro- 
benzylalcohol and irradiated the sample at 532 nm, 
where the dye has strong absorption and the solvent is 
transparent. This experimental approach is similar to 
that of Tanaka et al. [21], where the laser energy was 
absorbed by metal particles finely dispersed in glyc- 
erol. Liquid-phase matrices can be advantageous from 
the point of view of shot-to-shot reproducibility and 
stability of the ion signal owing to the homogeneous 
sample surface. On the other hand, solid-phase matri- 
ces have the advantage of better resolution and sensi- 
tivity. 
We found that 2_(4-hydroxyphenylazo)benzoic acid 
(HABA) can be effectively used as a MALDI matrix for 
a wide variety of analytes, with excellent sensitivity 
and good reproducibility. Although the poor solubility 
in water at first seemed disadvantageous, it turned out 
to be sufficient for the analysis of peptides, proteins, 
glycoproteins, glycolipids, and synthetic polymers. 
COOH 
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Experimental 
The experiments were carried out on a modified 
VT2000 (Vestec Corp., Houston, TX) time-of-flight mass 
spectrometer. Depending on the laser source, three 
wavelengths are available for MALDI on this instru- 
ment: an N, laser (337 nm; 3-nsec pulse length), a 
frequency-quadrupled Nd:YAG laser (266 nm; 9-nsec 
pulse length), and an Er:YAG laser (2.94 grn; 120-nsec 
pulse length). HABA matrix exhibits strong absorption 
between 280 and 380 nm, maximizing at 348 nm in 
aqueous solution ( emax = 2.1 X 10v4 L cm-’ mol-‘) 
[30]. MALDI mass spectra could be obtained at 266 
and 337 nm, but the matrix failed to work at 2.94 Frn. 
The baseline and matrix background were better at 337 
run, and therefore the N, laser was used in the experi- 
ments reported here. The intensity of the laser beam 
was controlled by a variable-beam attenuator (New- 
port Corp., Fountain Valley, CA). Optimum irradiance 
values depend on the matrix: - 2 X 106 W/cm’ was 
used for aCHCA and - 5 X lo6 W/cm2 for HABA 
and sinapic acid; tiowever, laser irradiance was not 
measured routinely. Reproducible laser irradiation and 
ion production were provided by maintaining a steady 
signal level by real-time monitoring of the ion signal 
and by precise adjustment of the attenuator. The cylin- 
drical probe tip (Z-mm diameter) was made of stain- 
less steel. A camera and a monitor were installed to 
facilitate the observation of the sample during irradia- 
tion. In most experiments, the ions were accelerated to 
30 keV in two stages. Because the sensitivity of the 
instrument exhibited a definite optimum at the 8- 
kV/cm extraction field (that is, the electric field be- 
tween the sample holder and the first accelerating 
electrode), the electric potential of the first accelerating 
electrode was set to 22 kV (the optimum value) when 
the sample holder was at 30 kV. The second accelerat- 
ing electrode was held at ground potential. The drift 
length of the instrument was 2 m. Ions were detected 
by a 20-stage secondary electron multiplier with focus- 
lng mesh copper-beryllium dynodes (Becton-Dickin- 
son, Towson, MD). To increase the detection sensitiv- 
ity of the large ions (> 30 kDa), the detector voltage 
was changed from the usual - 3400 to - 3800 V. The 
substantial current load arising from the high matrix 
background was reduced by applying a 500-V deflec- 
tion pulse near the ion source to deflect low-mass ions 
when the detector was operating at increased (nega- 
tive) voltage. The signal of the detector was amplified 
and digitized by a fast transient digitizer (LeCroy 
TR8828D, Chestnut Ridge, NY) at 200-MHz sampling 
rate. Real-time monitoring of the ion signal was facili- 
tated by a fast analog oscilloscope (Tektronix, Beaver- 
ton, OR). Ion signals from the individual laser shots 
were averaged (20-600 shots), and the averaged spec- 
tra were read to a 386-based computer and later sent 
for data processing to one of the VAXstations available 
in a local-area VAXcluster. The data-processing soft- 
ware was developed in our laboratory [31]. 
HABA was purchased from Aldrich Chemical Co. 
(Milwaukee, WI). We used either 50:50 acetonitrile/ 
water or 40:40:20 acetonitrile/water/methanol mix- 
ture as solvent. The concentration of the matrix solu- 
tion ( - 1.5 g/L) was found to be very important. Any 
attempt to work with a more concentrated (or satu- 
rated) matrix solution gave significantly poorer results. 
For proteins, the optimum concentration of the analyte 
in the matrix solution was typically 0.2-0.5 cc.M. This 
is two to five times lower than that required with other 
matrices prepared in higher concentration (typically 
5-10 g/L). Two microliters of this solution was put on 
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the probe tip and allowed to dry by itself rather than 
in an airstream. The matrix is very stable in solution, 
and it can be used for about a week when stored in the 
refrigerator. Further aspects of the sample preparation 
are discussed below in Results and Discussion. 
Test peptides and proteins (substance I’; melittin; 
aprotinln; horse heart myoglobin; bovine serum albu- 
min; glucose oxidase from Aspergillus niger type II-S, 
Lot. No. 46F-3903) were purchased from Sigma Chemi- 
cal Co. (St. Louis, MO) and used without further 
purification. The chicken ovalbumin sample was taken 
from a molecular-weight marker kit (Polysciences Inc., 
Warrington, PA). An immunoglobulin (Ig Gl) from 
mouse was kindly provided by F. Hillenkamp (Univer- 
sity of Miinster, Miinster, Germany), and the comple- 
ment receptor protein was obtained from S. A. Carr 
(SmithKline Beecham, King of Prussia, PA). Cross- 
linked hemoglobins were provided by R. Benesch (Cal- 
umbia University, New York, NY), and the cross- 
linked Pchains were isolated in our laboratory by 
high-performance liquid chromatography (HPLC). Per- 
methylated gangliosides were prepared by J.-E. 
Mdnsson and L. Svennerholm (Giiteborg University, 
Goteborg, Sweden), and the polyfethylene glycol) stan- 
dards were purchased from Polysciences Inc. (Warring- 
ton, PA). 
Results and Discussion 
Sample Preparation 
The proper sample preparation is very important for 
successful MALDI experiments with HABA matrix, 
and a brief phenomenological description of the drying 
and crystal formation process is appropriate. The 
droplet of sample put on the probe tip becomes opaque 
in about 15 s. Visual inspection reveals that the solid- 
phase formation process (nucleation) extends to the 
entire volume of the liquid: after about 1 min, the 
sample looks like a gel on the probe tip. When drying 
is complete, the probe surface is covered by finely and 
evenly distributed threadlike crystals of bright yellow 
color. In contrast, when a saturated matrix solution 
was used, precipitation of the matrix occurred in- 
stantly, as soon as the solution had been placed on the 
probe tip. This early start of nucleation, observed in 
matrix solutions more concentrated than - 1.5 g/L, 
apparently has a deleterious effect on the results. Sam- 
ple preparation should be repeated if the sample turns 
brown because discoloration is accompanied by loss of 
sensitivity and stability of the ion signal. This occurred 
frequently when the probe surface had previously been 
cleaned with nitric acid. Organic solvents are therefore 
recommended for cleaning the probe between samples. 
Whereas all of the other matices tested in our 
laboratory exhibited visible fluorescence of various 
intensity (e.g., DHB and aCHCA fluoresce brightly, 
sinapic acid to a lesser extent), HABA did not. Obser- 
vation of the sample fluorescence under the influence 
of laser irradiation often helps to locate spots on the 
sample surface that give the best sensitivity and reso 
lution. Site selection for the irradiation is particularly 
important in the case of inhomogeneous distribution of 
the sample over the probe surface, but with HABA 
matrix the response is spatially so uniform (see below) 
that its lack of fluorescence does not present a sign& 
cant disadvantage. 
General Features of the MIALDI Mass Spectra with 
HABA Matrix 
The laser desorption ionization mass spectrum of the 
pure matrix compound is similar to those of many 
other carboxylic acid matrices. At 337~nm irradiance, 
the major peak corresponds to the ion [M + HI+ (m/z 
243). There may be a contribution from the molecular 
radical cation (M+‘), but the resolution of the instru- 
ment is insufficient to distinguish the two. The [M - 
H,O + HI+ peak at m/z 225 is less abundant (lo-20% 
of the base peak) than all of the corresponding peaks 
from other widely used cinnamic acid-type matrices or 
DHB, where the water-loss peaks have abundances 
comparable to those of the molecular species. A num- 
ber of adduct peaks can also be observed in the matrix 
spectrum. These correspond to the attachment of one, 
two, or even three sodium and/or potassium ions. The 
[M + HI+ ion of the HABA matrix and its sodium and 
potassium adducts always give abundant signals in 
MALDI mass spectra. These matrix ions cannot be 
suppressed by optimizing the matrix/analyte ratio and 
using low irradiance, as is possible with DHB or 
aCHCA matrices [16, 181. Owing to the high abun- 
dance of matrix ions, HABA is not suitable for analyti- 
cal problems involving peptides below 1000 Da. The 
most abundant ions in the negative ion laser desorp- 
tion mass spectrum of HABA correspond to the depro 
tonated monomer (m/r 241) and the deprotonated 
dimer (m/z 483). 
HABA matrix has a wide “striking range” in the 
MALDI mass analysis of large molecules. It is not only 
an effective protonating agent for peptides and pro- 
teins, but is also a successful cationizing matrix for 
other analytes for which ionization is effected by cation 
attachment rather than by protonation (carbohydrates, 
glycolipids, synthetic polymers, etc.). Peptides and 
small proteins give strong ion signals corresponding to 
[M + HI+. Unfortunately, extensive cationization of 
the analyte leads rapidly to an unresolvable complex 
of peaks with increasing molecular weight of the ana- 
Iyte. The result is a decrease in the effective mass 
resolution with increasing molecular weight of the 
analyte. Figure 1 illustrates this tendency in three 
peptide examples. The mass resolution (m/Am at full 
width half-maximum) is found to be 265 in Figure la 
at m/z 1348.6 (substance P) and 285 in Figure lb at 
m/z 2848.5 (melittin). In these cases the resolving 
power of the instrument permitted the separation of 
the [M + HI+, [M + Na]+, and [M + RI+ peaks, and 
the mass resolution was about the same. In Figure lc 
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Figure 2. Variation of the ion signal intensity from horse myc- 
globin as a function of the number of laser shots fired onto the 
same spot on the sample surface at constant laser irradiance. The 
intensity of the [M + HI+ and [M + ZH]‘+ ion signals were 
summed and normalized to the highest value in the same series. 
Values corresponding to 100% represent approximately the same 
absolute value of the protein signal: an [M + HI+ peak of ap- 
proximately 150~mV amplitude. The initially unstable signals 
with sinapic acid and orCHCA matrices are not included. 
80 shots for sinapic acid were discarded, No such 
correction was necessary with the HABA matrix, which 
produced an ion signal clearly more lasting than that 
from the other two matrices. Even after the 50th data 
set (500th laser shot from the same spot), the ion signal 
from the protein was still Z-25% of the initial level. 
This property of HABA was later utilized, and usually 
more laser shots were averaged in a spectrum than 
with other matrices. 
A possible interpretation of the data in Figure 2 
would be that, in the case of the HABA matrix, the 
ion-neutral ratio in the desorbed material is higher 
than this ratio with the other two matrices. More 
experimental data are needed to understand the dif- 
ferent temporal behavior of the ion signal with differ- 
ent matrices, but two factors are certainly important: 
the different consumption rate of the solid phases due 
to different absorption coefficients and heats of evapo- 
ration (sublimation) of the matrices, and the change in 
surface morphology of the solid phase under laser 
irradiation, which ultimately leads to different amounts 
of absorbed and reflected energy. 
MALDI mass spectra of proteins recorded with 
HABA as a matrix exhibit peaks corresponding to 
multiply charged ions as the size of the analyte in- 
creases (examples are discussed later), The presence of 
multiply charged ions is advantageous from the point 
of view of mass measurement because the effect of 
random errors of experimental origin or in the data 
processing can be reduced. Mass measurement is par- 
ticularly problematic in the case of high molecular- 
weight analytes ( > 30 kDa). The major difficulty is due 
to the poor resolution of MALDI mass spectra at high 
masses (for example, m/Am = 50 can be considered 
very good at m/z 100,000). Under these conditions, 
determination of peak centroids is subject to consider- 
able errors that can be reduced by averaging values 
obtained from different charge states. The presence of 
higher charge states in the MALDI mass spectra of 
larger proteins was utilized in the following way. 
Under the standard experimental conditions (accelerat- 
ing voltage, detector voltage) several MALDI mass 
spectra of bovine serum albumin (BSA) were recorded. 
The molecular weight of this protein is known accu- 
rately from sequence data [34]. The peaks IM + HI*, 
[M + 2H]‘*, [M + 3H13+, and [M + 4H14+ of BSA 
were used for calibration. An unweighted least-squares 
fit of the time-of-flight calibration law was applied to 
the centroids of these peaks to determine the two 
calibration constants c1 and c2 in the calibration law 
t = c,(m/z)l’Z + CZ, where t is the flight time of an 
ion with the given m/z value. The constants deter- 
mined from a number of BSA spectra (typically from 
four to eight spectra) were averaged, and the averaged 
values were used later for the calibration of mass 
spectra of other compounds recorded with the same 
accelerating and detector voltages. The molecular 
weights of the “unknown” samples were then calcu- 
lated as the average of the values obtained for the 
individual charge states. 
Applicafion to Larger Proteins and Glycoproteins 
Although the HABA matrix ionizes peptides and 
smaller proteins very efficiently, better mass resolution 
can be obtained with sinapic acid, aCHCA, or DHB 
matrices for proteins up to approximately 30 kDa. The 
situation changes, however, with the increasing mass 
of the analyte, and the mass resolution obtained with 
HABA at higher masses is equivalent to that observed 
with the cinnamic acid derivatives and DHB. In addi- 
tion, increased sensitivity has been found with HABA, 
and less discrimination against high-mass components 
has been observed in multicomponent mixtures. As an 
illustration, MALDI mass spectra of a singly cross- 
linked pair of human hemoglobin P-chains (calculated 
molecular weight is 31,963 Da [35, 361) are presented 
in Figure 3. These hemoglobin P-chains had been 
cross-linked with 2-nor-2-formylpyridoxal-5’-phos- 
phate [36]. The first step in the cross-linking reaction is 
the formation of Schiff bases between the aldehyde 
groups of the cross-linking agent and two primary 
ammo groups of the two pchains in the hemoglobin 
complex. The Schiff bases are then reduced to sec- 
ondary amines. X-ray crystallography data demon- 
strated that the cross-link had been formed between 
the N-terminal valine of one of the @hains and the 
lysine-82 residue of the other P-chain [36]. For the 
mass spectrometric studies [24], the heme was re- 
moved from these hemoglobin samples, and the a- 
chain was separated from the cross-linked P-chains by 
HPLC. The collected HPLC fractions were analyzed by 
MALDI/time-of-flight mass spectrometry. Because the 
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Figure 3. MALDI spectra of a singly cross-linked pair of p 
chains from human hemoglobin. The cross-linking reagent is 
2-nor-Z-formylpyridoxal-g-phosphate [36]. The theoretical moles- 
ular weight of the cross-linked product is 31,963 Da. The sample 
also contained a few percent intact pchain (Mp = 15,867.Z Da). 
(a) aCHCA matrix, 50 laser shots; (b) HABA matrix, 150 laser 
shots. In the case of aCHCA, the presence of the cross-link- 
ed product is indicated by the [Mp_x_p + 3H13+ peak (m/z 
10,653 found). 
m/Z 1o000 2000o 30000 40000 50000 60000 70000 800009~~~” 
Figure 4. MALDI mass spectra of chicken ovalbumin. The sam- 
pie also contained traces of lysoayme (ML 14,306 Da, theoretical 
[37l). (a) aCHCA matrix, 50 laser shots; (bb) sinapic acid m&ix, 
50 laser shots; (cl HABA matrix, 150 laser shots. The molecular 
weight of ovalbumin (M,,) was found to be 44,508 Da from the 
data shown in Figure 4c (external calibration). 
cross-linking reaction had not been complete, the reac- 
tion mixture also contained a small amount (< 5% as 
estimated from the HPLC peaks) of the intact P-chain 
(M, 15867.2 13511, which was not well separated from 
the cross-linked @chains. The estimated concentration 
of the cross-linked &chains in the fraction was 1 FM_ 
Despite the large excess of the cross-linked Pchains 
over the intact @chain, the latter gave more abundant 
peaks when orCHCA matrix was used, as shown in 
Figure 3a. The presence of the cross-linked chains was 
clearly indicated only by the peak at [ Mp_x_p + 3H13+ 
= m/z 10,653. This value was determined by calibrat- 
ing the mass scale with the [MP + HI+ and [Ma + 
3H13+ peaks of the intact p-chain. With HABA as a 
matrix, the mass spectrum shown in Figure 3b demon- 
strated that the main component in the HPLC fraction 
was the cross-linked product. The molecular weight of 
the cross-linked P-chains was found to be 31,959 Da by 
external calibration. This good agreement with the 
calculated molecular weight may be fortuitous (the 
difference is only 4 Da); mass accuracy with external 
calibration is usually approximately +O.l% on our 
instrument independent of the matrix. 
Another example of the reduced discrimination of 
HABA against the high-mass components in a mixture 
is presented in Figure 4. The MALDI mass spectrum of 
chicken ovalbumin is shown with three different ma- 
trices: aCHCA, smapic acid, and HABA. In the first 
case, the major component (ovalbumin, denoted by 
subscript 0 in the Figure 41 is hardly discernible, and 
the most abundant peaks arise from the lysozyme 
(denoted by subscript L> impurity in the sample. With 
sinapic acid, the ovalbumin and lysozyme peaks are of 
comparable abundance. The origin of the metastable 
“bump” between the [M + 2H]*+ and [M + HI+ peaks 
of ovalbumin is not clear; every spectrum of ovalbu- 
mm recorded with sinapic acid exhibited this broad 
peak. The best MALDI mass spectrum of this ovalbu- 
mm sample, presented in Figure 4c, was obtained with 
HABA matrix. The characteristic charge distribution 
pattern can be observed again. Lysozyme peaks appear 
in this spectrum of lower abundance. The molecular 
weight of ovalbumin was found to be 44,508 Da by 
external calibration. The calculated molecular weight 
of the amino acid sequence (taking into account the 
acetylated N-terminus and two phosphorylation sites 
at serine-68 and serine-344) is 42,950 Da [38]. The 
difference between the calculated and experimentally 
determined molecular weights suggests that the carbo- 
hydrate content of this ovalbumin sample is approxi- 
mately 3.6%. 
The HABA matrix can be used effectively for the 
analysis of glycoproteins with higher carbohydrate 
content. Figure 5 shows the MALDI mass spectrum of 
the glycoprotein glucose oxidase from A. nigeu. This 
enzyme, unlike glucose oxidases from other cultures, 
is a glycoprotein with a varying carbohydrate content 
of 10~16% [39]. The enzyme is a dimer of two identical 
subunits, and it had not yet been verified whether 
these subunits are covalently bound by two disulfide 
bridges or held together noncovalently in the presence 
of two flavine adenine dinucleotide (FAD) groups [40]. 
The amino acid sequence of this protein was deter- 
mined recently [41, 421, and the theoretical molecular 
weight of the protein moiety is 63,320 Da (with cys- 
teines reduced). MALDI mass spectrometry could be 
used to provide a more accurate estimate of the carbo- 
hydrate content, and it could also be used to obtain 
information on the quatemary structure of this en- 
zyme. The mass spectrum of the glucose oxidase is 
shown in Figure 5. For mass measurement, the previ- 
ously described procedure was used on the basis of 
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Figure 5. MALDI mass spectrum of the glucose oxidase from 
A. niger with HABA matrix, 200 laser shots. This enzyme con- 
sists of two identical subunits. The absence of the [M + HI+ and 
[M + 3H13+ indicates that the subunits are bound noncovalently 
rather than by disulfide bridges; [M,, + HI+ was determined by 
taking into account all of the charge states present in the spec- 
trum, and 76,326 Da was found. 
BSA external standard. The peaks correspond to dif- 
ferent charge states of the subunit (denoted by SLJ) and 
were assigned as [M,, + 3H13+= m/z 25,405; [M,, + 
2H12+= m/z 38,291; and [M,, + HI+= m/z 76,186. 
The [M,, + 4H14+ ion could also be detected, but it 
was not taken into account because of its poor peak 
shape. The absence of the [M + HI+ peak of the intact 
holoenzyme at approximately m/z 155,000 (the low 
abundance peak in that region is assigned as [2Ms, + 
HI+) and in particular the absence of the [M +3H13+ 
ion at approximately m/z 51,700, indicated that the 
peaks in the mass spectrum originate from the subunit, 
It is known that disulfide bridges are relatively stable 
to MALDI, whereas the quaternary structure of nonco- 
valently bound complexes is lost. The conclusion is 
that the holoenzyme is held together noncovalently. 
The average molecular weight of the subunit deter- 
mined from three (1 + ,2 + , and 3 + 1 charge states is 
76,326 Da. Comparison of this value with the theoreti- 
cal molecular weight of the protein moiety suggests 
that the carbohydrate content of this sample was 17.7%. 
The molecular weight of the holoenzyme (after adding 
the contribution of the two FAD molecules) would be 
154,220 Da. 
hnmunoglobulins also respond well to MALDI [4, 
431, and good-quality mass spectra can be recorded 
with HABA as the matrix. MALDI mass spectrum of a 
mouse IgG is presented in Figure 6. Good signal-to- 
noise ratio could be attained by averaging 600 laser 
shots. The capability of this matrix to provide a long- 
lasting ion signal could also be utilized to improve 
mass resolution. To see a reasonably strong ion signal 
from large proteins, the laser irradiance is usually 
increased to compensate for the declining detection 
sensitivity; however, increase in the laser irradiance 
generally leads to a decrease in mass resolution due to 
peak broadening. In the case of I@, to obtain ade- 
quate signal-to-noise ratio, the number of laser shots 
averaged was increased rather than the laser irradi- 
ance. A mass resolution of approximately 50 can thus 
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Figure 6. MALDI mass spectrum of an IgG from mouse with 
HABA matrix averaged from 600 laser shots. In addition to the 
different charge states of the intact molecule, the light chain can 
also be observed CM, 23,297 Da, found). The averaged molecular 
weight was 147,491 (+ 136) Da determined from the peaks [M + 
HI+-[M + 5H15+. The relatively poor background can be at- 
tributed to decomposition products in the sample. 
be attained for this IgG sample at the [M + HI+ peak 
at m/z of approximately 150,000, a performance that is 
considered good in this mass range. The charge distri- 
bution is typical for the HABA matrix, again exhibiting 
peaks up to [M + 5H] ‘+, The light chain of the anti- 
body molecule can also be observed. Although disul- 
fide bridges are not usually broken during the MALDI 
process, the light chain of IgGs sometimes appears in 
the MALDI mass spectra 141. In this case, decomposi- 
tion in the solution could also contribute to the rela- 
tively strong peak from the light chain of IgG and to 
the uneven background because the sample had been 
stored in solution for a year. 
Figure 7 shows the largest monomer unit yet de- 
tected on our instrument: a water-soluble complement 
receptor protein. The spectrum, an average of 600 laser 
shots, exhibits the charging pattern characteristic with 
HABA matrix. The molecular weight of this sample 
was determined from six peaks: [M + HI+-[M f 
6H16+. The averaged value of the molecular weight 
determined from the six different charge states is 
247,460 Da. Gel electrophoresis indicated a value of 
approximately 230 kDa [44]. 
Figure 7. MALDI mass spectrum of a water-soluble comple- 
ment receptor protein (average of 600 laser shots) with HABA 
matrix. The experimental value of the molecular weight was 
247,460 (+1220) Da determined by averaging the results from 
[M + HI+ to [M -I- 6H16+. 
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Applications to Other Classes of Compounds 
As has been observed with other examples, the ten- 
dency of a matrix to give sodium and potassium 
adducts with the analyte affects the resolution ad- 
versely when cation adduction is competing with pro- 
tonation. This is the case with peptides and proteins. 
For a number of matrices, a significant decrease in 
mass resolution is observed in the mass range 5-10 
kDa, which can be explained by the competition be- 
tween protonation and cation attachment reactions. 
The excellent resolution of MALDI spectra of proteins 
with cinnamic acid-type matrices can also be at- 
tributed to the low cationization efficiency of these 
matrices. Other classes of compounds, however, are 
more easily ionized by cation attachment. In these 
cases one has to use good cationizing matrices rather 
than good protonating matrices. The cinnamic acid- 
type matrices are the most typical examples for the 
latter category, and these compounds are not as useful 
for the analysis of carbohydrates and glycolipids as is a 
good cationizing matrix, such as DHB. Cationization 
efficiency is not merely a matter of the salt content in 
the sample. A good cationizing matrix probably forms 
a homogeneous three-component mixture of matrix, 
analyte, and salt in the solid phase. 
In the MALDI mass spectrum of pure HABA, 
sodium and potassium attachment ions are always 
abundant, suggesting that effective ionization can be 
expected for samples that are more easily cationized 
than protonated. The MALDI mass spectrum of the 
permethylated ganghoside G,,,, shown in Figure 8, 
demonstrates the excellent sensitivity that can be at- 
tained under these circumstances with the HABA ma- 
trix. Gangliosides have recently been subject to de- 
tailed study by MALDI mass spectrometry in our 
laboratory [281. Gangliosides consist of a fatty acyl 
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Figure 8. MALDI mass spechum of the permethylated ganglia 
side GTlb from human brain. M, and M, are two homologues in 
the sample differing by two ni&hylene groups in the long-chain 
base as illustrated; R = methyl. Total sample load 10 fmol (26 
pg); the mass spectrum is an average of 30 laser shots. The 
theoretical mass-to-charge ratio value for the higher homologue 
[M, + Nal+ is 2601.2. The mass resolution at these peaks is 
approximately 400. 
amide of a sphingoid base, a root sugar chain, and one 
OK more sialic acid residues [45]. The native com- 
pounds have poor mass spectral properties, especially 
with increasing sialic acid content. As had been ob- 
served previously for liquid secondary ion mass spec- 
trometry, better quality mass spectra can be obtained 
in the negative ion mode. Mass spectrometric sensitiv- 
ity is improved by permethylation (or peracetylation) 
of the native compounds, and the derivatized samples 
ionize well in the positive ion mode. The ganglioside 
G Tlbt for which the MALDI mass spectrum is shown in 
Figure 8, contains three sialic acid residues. As indi- 
cated by the structure shown in Figure 8, the long-chain 
base is inhomogeneous. Minor amounts of undermeth- 
ylated components are also present. Permethylation 
increases the molecular weight of the major compc- 
nent in the sample from 2157.4 to 2578.2 Da. The 
experimentally determined value by external calibra- 
tion was 2603.9 Da; in good agreement with the calcu- 
lated molecular weight of the sodium adduct (2601.2 
Da). Permethylated gangliosides could be analyzed 
with a number of matrices (including sinapic acid), 
[M + Na]+ always being the most abundant peak in 
the mass spectra. The sensitivity for permethylated 
gangliosides with HABA as a matrix exceeds that with 
most others; it is approached only by DHB at 337 nm 
and 2-thiohydantoin at 266 run [28]. The mass spec- 
trum presented in Figure 8 was recorded from a total 
sample load of 10 fmol (26 pg). This result indicates 
exceptional sensitivity and better mass resolution 
(N 400) than that observed for peptides in the same 
mass range (see Figure 1). Noteworthly is the absence 
of fragment ions. Gangliosides and their derivatives 
often eliminate sialic acid residues following ioniza- 
tion, but in this spectrum (Figure 8) no fragment peaks 
can be observed above the noise level. 
Other typical examples of analytes that cannot be 
protonated but easily form cation adducts are repre- 
sented by some synthetic polymers. Polytethylene gly- 
col) (PEG) is a representative example studied by the 
MALDI technique by several groups [lo, 461. Insofar as 
sensitivity and resolution are concerned, protonating 
matrices like sinapic acid gave very poor results on 
time-of-flight instruments, even after addition of alkali 
salts to the sample. Better performace of sinapic acid 
has been reported on Fourier transform mass spec- 
trometers [lo]. The best results reported to date have 
been obtained with DHB matrix, not only for PEG but 
also for other polar synthetic polymers ionized by 
cation attachment [461. Figure 9 shows the MALDI 
mass spectra of a PEG standard, with the average 
molecular weight of approximately 4300 Da. Two ma- 
trices are compared: DHB and HABA. In both cases 
the series correspond to alkali adduct peaks. For the 
spectrum recorded with DHB, the sample was doped 
with NaCl, but for the spectrum shown with HABA 
matrix, slightly better resolution was obtained by dop- 
ing the sample with KI. For the PEG mass spectrum 
with HABA matrix (Figure 9b), the mass resolution is 
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Figure 9. MALDI mass spectra of PEG with M,, = 4300. (a) 
DHB matrix doped with NaCl; (b) HABA matrix doped with KI. 
approximately 300 for each polymer peak, whereas it is 
slightly lower with DHB matrix (220) in Figure 9a. 
Comparison of the MALDI mass spectra of a number 
of PEG standards demonstrated that mass resolution 
was always better with HABA matrix than with DHB. 
Conclusions 
The properties of a new matrix substance for MALDI 
were investigated. It was demonstrated that HABA 
matrix is applicable to the analysis of a wide range of 
macromolecules, including peptides above 1 kDa, pro- 
teins, glycoproteins up to 250 kDa molecular weight, 
derivatized glycolipids, and synthetic polymers. The 
main characteristics of the MALDI mass spectra with 
HABA matrix are (1) the best temporal and spatial 
stability and shot-to-shot reproducibility of the ion 
signal compared with other widely used matrices 
(sinapic acid, aCHCA, DHB); (2) good sensitivity but 
moderate mass resolution for peptide and small pro- 
tein samples; (3) very good sensitivity for larger pro- 
teins and glycoproteins with less discrimination against 
the higher molecular weight components in a mixture; 
(4) production of multiply charged ions; and (5) excel- 
lent sensitivity and resolution for samples that are 
ionized by cation attachment. On the other hand, the 
mass resolution obtained with HABA for peptides and 
small proteins (< 25 kDa) is only approximately 200. 
Therefore, in these applications it has no advantage 
over the established matrices, such as sinapic acid, 
crCHCA, and DHB. 
The advantageous properties of the HABA matrix 
can make MALDI more effective in the high-mass 
range, where the accuracy of mass measurements gen- 
erally decreases because of the rapidly declining mass 
resolution and the poor signal-to-noise ratio. Because a 
large number of spectra can be accumulated from a 
single spot on the probe surface, HABA can offer 
better signal-to-noise ratio, and the presence of multi- 
ply charged ions can enhance the accuracy of mass 
measurement in the mass range above 30 kDa. The 
J Am Sot Mass Spectmm 1993,4,399-409 
excellent reproducibility of MALDI mass spectra ob- 
tained with the new matrix may permit their use for 
quantitative measurements in the future. 
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